We present the first experimental study of sand-bed thermal energy storage conducted in a region with extended freezing period. The study was carried out on a home situated in Palmer, Alaska, 61.6 • N, and 149.1 • W. The home is equipped with evacuated tube solar thermal collectors that are connected to a seasonal sand-bed solar thermal energy storage system. Fourteen weeks of data was collected from a period of 28 January 2017 through 7 May 2017. Results suggest that seasonal sand-bed solar thermal storage systems are an excellent option for storing heat for climates in regions with long periods of freezing temperatures. The present study shows a proof of concept of a sand-bed seasonal solar thermal storage that needs additional controls for residential heating application. The system could also be used to provide heat for unoccupied spaces such as garages and greenhouses.
Introduction
Energy demand and usage is expected to change significantly as a result of changing weather patterns, affecting heating/cooling and electricity demands. In the U.S., the buildings sector accounts for 41% of the primary energy use [1], hence it is very likely that this sector will be highly impacted by climate change and associated weather patterns. In cold regions like Alaska, sea level rise, permafrost melting, intense and more frequent extreme weather events, increased wind speeds and ocean storms will all negatively impact energy infrastructure, in the form of reduced efficiency of thermal plants, cooling constraints on thermal plants, and increased stress on transmission and distribution systems. Electricity generation from hydro, wind and other renewable and biofuel production will also be affected. For example, according to International Energy Agency (IEA) estimates, 1 • C of temperature warming will reduce the available summer electricity generation capacity up to 16% by the 2040s in the United States alone [2] .
Distributed energy generation through renewable energy (RE) sources provide growing price competitiveness, long-term certainty and energy security [3] . RE sources are local thus providing security of supply, helping a nation reduce its dependence on imported sources. Renewable Energy Systems-based technologies have the potential to mitigate the effects of climate change through the use of energy storage, and distributed and dispersed energy generation. RE systems for space heating/cooling, such as photovoltaic-thermal (PVT) systems, building integrated photovoltaics/thermal (BIPV/T) systems, seasonal thermal storage systems (STSS) and heat pumps are a feasible means to effectively reduce the space heating costs of a residential home in cold regions like Alaska. This paper reports results experimental study of sand-bed seasonal thermal energy storage conducted on a residential home in Palmer, Alaska.
Experimental Home Description
A two-story house located in Palmer, Alaska was used for this experiment. The lower floor of the house consists of a normally unoccupied garage and storage space with the upper floor consisting of 54 m 2 (581 ft 2 ) living space. The home is designed to be Net Zero Energy home, where electricity is fed to the utility grid during high solar production months and supplied from the utility grid during low solar production month. High efficiency, non-traditional construction techniques were used for the construction of the home. The walls are designed as arctic walls [15] where there is no direct thermal path from the interior side of the wall to the exterior wall, and insulated with densely packed cellulose with permeable membranes in lieu of a traditional vapor barrier. The home is placed with each face pointed in a true cardinal direction with the solar PV panels and solar thermal arrays on the south side ( Figure 1 ). The walls and roof are insulated with densely packed cellulose giving an aggregated thermal resistance of RSI-10.6 (US R-60) for the wall and RSI-15.9 (US R-90) for the roof. regions like Alaska. This paper reports results experimental study of sand-bed seasonal thermal energy storage conducted on a residential home in Palmer, Alaska.
A two-story house located in Palmer, Alaska was used for this experiment. The lower floor of the house consists of a normally unoccupied garage and storage space with the upper floor consisting of 54 m 2 (581 ft 2 ) living space. The home is designed to be Net Zero Energy home, where electricity is fed to the utility grid during high solar production months and supplied from the utility grid during low solar production month. High efficiency, non-traditional construction techniques were used for the construction of the home. The walls are designed as arctic walls [15] where there is no direct thermal path from the interior side of the wall to the exterior wall, and insulated with densely packed cellulose with permeable membranes in lieu of a traditional vapor barrier. The home is placed with each face pointed in a true cardinal direction with the solar PV panels and solar thermal arrays on the south side ( Figure 1 ). The walls and roof are insulated with densely packed cellulose giving an aggregated thermal resistance of RSI-10.6 (US R-60) for the wall and RSI-15.9 (US R-90) for the roof. The lower floor is composed of the garage and storage space with the sand-bed thermal energy storage underneath. Floor trusses between the garage and living space are also intended to be insulated at a later date to reduce the thermal link between the living space and garage.
The Solar PV panels (SolarWorld, Sunmodule Plus SW 285-290, Hillsboro, OR, USA) are 285-watt panels in an array of 13 panels with a combined rated power of 3.705 kW mounted at a 60° angle on the roof. Solar PV panels feed into a power inverter (a SolarEdge SE5000A-US (5000 watt capacity)) and then onto the two-way meter connecting to Matanuska Electric Association, Inc. (MEA) power grid located in Eagle River, AK, USA. Evacuated solar tubes (Sunda Solar, Beijing, China, part Sunda Seido 5-16) with two collector arrays are placed in series at a tilt angle of 75° on the southern wall. The test data from Solartechnik [16] shows a rated efficiency curve based on a flowrate of 300 L/h and solar irradiance of 800 W/m 2 , shown in Figure 2 . The lower floor is composed of the garage and storage space with the sand-bed thermal energy storage underneath. Floor trusses between the garage and living space are also intended to be insulated at a later date to reduce the thermal link between the living space and garage.
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Gross:
where
Solar collectors heat a water-glycol solution that, during normal operation, passes through a heat exchanger to heat the domestic hot water tank. When the domestic hot water tank is not calling for heat the excess heat is sent to the sand-bed under the garage floor for heating. A schematic of the evacuated tube solar collectors and the thermal storage is show in Figure 3 . Figure 4 gives solar radiation for Anchorage, Alaska for the duration of the experiment. The efficiency curves for the Sunda Seido 5-16 are shown in Equations (1)- (3). Absorber:
Solar collectors heat a water-glycol solution that, during normal operation, passes through a heat exchanger to heat the domestic hot water tank. When the domestic hot water tank is not calling for heat the excess heat is sent to the sand-bed under the garage floor for heating. A schematic of the evacuated tube solar collectors and the thermal storage is show in Figure 3 . Figure 4 gives solar radiation for Anchorage, Alaska for the duration of the experiment. During this experiment the solar thermal controls were set to 100% heat demand to be sent to the sand-bed.
The garage floor consists of a 6.502 m (21′4″) by 8.331 m (27′4″), 10.2 cm (4″)-thick concrete slab, with one vehicle door and one man door as shown in Figure 5 . During this experiment the solar thermal controls were set to 100% heat demand to be sent to the sand-bed.
The garage floor consists of a 6.502 m (21 −4") by 8.331 m (27 −4"), 10.2 cm (4")-thick concrete slab, with one vehicle door and one man door as shown in Figure 5 . Underneath the concrete slab is the solar thermal storage, which contains 29.7 cm (11") of fine sand and 38.1 cm (15") of pit-run gravel as seen in Figure 6a . Underneath the concrete slab is the solar thermal storage, which contains 29.7 cm (11″) of fine sand and 38.1 cm (15″) of pit-run gravel as seen in Figure 6a . 
Instrumentation and Data Collection
Temperature and flow rate data were collected from 28 January to 7 May 2017. Six Caleffi resistive temperature detectors (RTDs) (FKP6 pt1000 RTDs, Caleffi North America Inc., Milwaukee, WI, USA, were embedded in the sand-bed as shown in Figure 8 . A Caleffi DL3 data logger was used to capture the temperature data from the RTDs in the sand-bed inlet and outlet. The same data logger was used to capture flow rate data that was measured using a Caleffi V40 rotary pulse flow meter. The pump when activated by the controller averaged 3.06 L/min flowrate, which converts to 186.6 kg/h of the glycol mixture through the sand-bed. Using a refractometer the glycol-water mixture was found to be 43% glycol by volume. In addition to RTDs, type K thermocouples (selected for their wide temperature range application) were used for this research (part number EXPP-K-24-100, Omega Engineering, Inc., Bridgeport, NJ, USA), with an accuracy of ±2.2 °C or 0.75%. These thermocouples were embedded in two places into the sand-bed and an additional four thermocouples were embedded into the surface of the garage floor, shown in Figure 9 , to monitor the temperature profile of the sand-bed. Thermocouple temperatures were recorded using Lascar EL-USB-TC data loggers (Lascar Electronics 
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Results and Discussion
Glycol mixture supply and return RTD sensor temperatures were recorded at one-minute intervals by the Caleffi DL3 with results shown in Figure 10 . Periods of exceptionally high temperatures are observed prior to March when the pumps' speed controller was being periodically varied to establish a preferred flowrate. Note that the x-axis gives the date, month and year of measurement. Besides the initial period where the speed controller was adjusted and the time instance contained no data, the data follows an expected trend with daily high temperature representing the peak solar radiation and daily low periods representing no solar radiation, where the sensors approach ambient temperature.
Ambient conditions for the outside and garage were recorded every 15 min continuously for the 14-week period from 28 January through 7 May. Figure 11 shows both the ambient outside and garage temperatures plotted for the time period. Figure 11 shows a clear upward trend of the garage ambient temperature even during a cold period in March, which indicates heat was being added to the garage to compensate for environmental heat losses. Average temperatures for the outside and garage over the 14-week period were −3.2 °C and 7.7 °C respectively.
Multiple points in the sand-bed were recorded every 15 min for the duration of the experiment. Figure 12 shows each sensor's recorded temperature. Caleffi iSolar Plus solar thermal system controller was used to activate the pump and allow fluid flow from the solar thermal array to the sand-bed on a 5.778 • C (12 • F) temperature difference. The controller was configured for a single zone and all heat from the collector was sent to the sand-bed for the duration of this research.
Ambient conditions for the outside and garage were recorded every 15 min continuously for the 14-week period from 28 January through 7 May. Figure 11 shows both the ambient outside and garage temperatures plotted for the time period. Figure 11 shows a clear upward trend of the garage ambient temperature even during a cold period in March, which indicates heat was being added to the garage to compensate for environmental heat losses. Average temperatures for the outside and garage over the 14-week period were −3.2 • C and 7.7 • C respectively.
Multiple points in the sand-bed were recorded every 15 min for the duration of the experiment. Figure 12 shows each sensor's recorded temperature. Thermocouple number 6 (TC6) represents a temperature sensor placed nearest to the garage man door, which explains the greater temperature fluctuations on days where work was performed in the garage during cold days. The core temperature and surface temperature averages are shown in Figure 13 . An increase in temperature is observed with little difference with the core and surface temperature.
Thermocouple number 6 (TC6) represents a temperature sensor placed nearest to the garage man door, which explains the greater temperature fluctuations on days where work was performed in the garage during cold days. The core temperature and surface temperature averages are shown in Figure 13 . An increase in temperature is observed with little difference with the core and surface temperature. The sand-bed simulated temperature profile shows less fluctuation than the observed temperature profile, which is likely due to the experimental system being thermally coupled to the garage. The upward trend of the measured temperature compared to the simulated temperature in April thru May was due to the warmer than average weather experienced in Palmer, Alaska compared to the simulated TMY2 data for Anchorage, Alaska. Thermocouple number 6 (TC6) represents a temperature sensor placed nearest to the garage man door, which explains the greater temperature fluctuations on days where work was performed in the garage during cold days. The core temperature and surface temperature averages are shown in Figure 13 . An increase in temperature is observed with little difference with the core and surface temperature. The sand-bed simulated temperature profile shows less fluctuation than the observed temperature profile, which is likely due to the experimental system being thermally coupled to the garage. The upward trend of the measured temperature compared to the simulated temperature in April thru May was due to the warmer than average weather experienced in Palmer, Alaska compared to the simulated TMY2 data for Anchorage, Alaska. The sand-bed simulated temperature profile shows less fluctuation than the observed temperature profile, which is likely due to the experimental system being thermally coupled to the garage. The upward trend of the measured temperature compared to the simulated temperature in April thru May was due to the warmer than average weather experienced in Palmer, Alaska compared to the simulated TMY2 data for Anchorage, Alaska.
Conclusions
We presented the first experimental study of sand-bed thermal storage conducted in a region with extended freezing periods. A two-story house located in Palmer, Alaska, 61.6 • N, and 149.1 • W was built with sand-bed thermal energy storage. The home is equipped with evacuated tube solar thermal collectors, which provided the thermal energy to the sand-bed. A normally unoccupied garage, 6.502 m (21 −4 ) by 8.331 m (27 −4 ), 10.2 cm (4 ) floor was composed of a 10.2 cm (4 )-thick concrete slab, 29.7 cm (11 )-thick fine sand and 38.1 cm (15 ) of pit-run gravel. This structure was used as a thermal storage. Fourteen weeks of data were collected from the solar thermal energy sand-bed storage system. TRNSYS simulated temperature of the sand-bed temperature compared very well to the measured one. The difference between the maximum measured and simulated temperatures was found to be 15%, while the difference between the average measured and simulated temperatures was 4.7%. The measured garage and sand-bed temperatures suggest that such types of solar thermal storage systems are viable options for climates in regions with long periods of freezing temperatures despite ASHRAE recommendations [8] . In subsequent papers, we present detailed energy analysis and 5-year simulation results. Monitoring work will continue for several years.
